Assessing the thermodynamic signatures of hydrophobic hydration for several common water models J. Chem. Phys. 132, 124504 (2010) Equations of state for the xylene isomers (o-xylene, m-xylene, and p-xylene) and ethylbenzene have been developed with the use of the Helmholtz energy as the fundamental property with independent variables of density and temperature. The general uncertainties of the equations of state are 0.5% in vapor pressure above the normal boiling point, and increase as the temperature decreases due to a lack of experimental data. The uncertainties in density range from 0.1% in the liquid region to 1.0% elsewhere (the critical and vaporphase regions). The uncertainties in properties related to energy (such as heat capacity and sound speed) are estimated to be 1.0%. In the critical region, the uncertainties are higher for all properties. The behavior of the equations of state is reasonable within the region of validity and at higher and lower temperatures and pressures. Detailed analyses between the equations and experimental data are reported. 
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Characteristics of xylene isomers and ethylbenzene
Xylene is a specific term that represents the three isomers of dimethyl benzene-these isomers are the ortho-, meta-, and para-forms of the molecule. Ethylbenzene is the fourth and only other isomer of this benzene molecule, with an additional ethyl group. Figure 1 shows the chemical structure of the xylene isomers and of ethylbenzene, and Table 1 gives additional information such as the critical points and molar masses.
Xylene isomers are of great importance in the petrochemical industry because they are the basis for the synthesis of many organic compounds.
1 o-Xylene is mainly used for production of o-dicarboxylic anhydride, which is an important raw material and widely used in plasticizers, unsaturated polyester, alkyd resins, dyes, medicine, and agriculture. m-Xylene is used to produce isophthalic acid, which is an important material in dyes, pesticides, chemical fibers, spices, and other industries. p-Xylene is an important organic chemical that is mainly used to synthesize terephthalate, while terephthalate is the main raw material used to produce resins, films, and other products. Another application of p-xylene is the production of dimethyl terephthalate. 2 Ethylbenzene is important in the petrochemical industry as an intermediate in the production of styrene, which in turn is used for making polystyrene-a common plastic material. 3 Xylenes are normally produced as a mixed stream that contains o-xylene, m-xylene, p-xylene, and ethylbenzene. It is difficult to separate the C8 aromatic compounds-this process has more than 200 stages due to the low relative volatilities of the compounds and the high degree of purity required for the final products. 4 Hence, thermodynamic properties are required to simulate and optimize the separation process, along with many other industrial applications.
Equation of state
Thermodynamic properties of pure fluids and their mixtures can be calculated with equations of state. These equations are expressed as either the pressure as a function of independent variables temperature and density, or as the Helmholtz energy with the same independent variables. The Helmholtz energy equation has the advantage that all thermodynamic properties can be derived easily from the equation of state. 5 The calculation of thermodynamic properties from the Helmholtz energy equation of state is described in many publications, such as those of Wagner and Pruß, 6 Span, 7 or Lemmon et al., 5 and these concepts are not repeated here.
Critical parameters of xylene isomers and ethylbenzene
The critical parameters are some of the most important substance-specific constants in thermodynamics, in part because they are used as reducing parameters in many equations of state, viscosity equations, thermal conductivity equations, and other auxiliary equations. The critical parameters can be very difficult to measure, often with large differences between various sources. The published critical parameters are listed in Table 2 along with the values chosen in this work. Many of these were obtained through the ThermoData Engine (TDE) (Ref. 32) program of NIST. We used the evaluated critical temperatures and densities taken from TDE to develop the equations of state in this work. Due to the lack of experimental p-q-T data with low uncertainties in the critical region, it was not possible to verify the uncertainties of these values, as was done with other fluids such as propane.
5
The critical pressures given in Tables 1 and 2 were determined with the final equations of state.
Equation of State
The equation of state is formulated with the Helmholtz energy as the fundamental property with independent variables density and temperature. The equation is given by
where a is the Helmholtz energy, a 0 is the ideal-gas Helmholtz energy, and a r is the residual Helmholtz energy. All thermodynamic properties can be calculated as derivatives of the Helmholtz energy; see Ref. 5 for details. The most commonly used functional form is explicit in the dimensionless Helmholtz energy with independent variables of dimensionless density and temperature, as
where d ¼ q=q c and s ¼ T c =T. The critical temperatures and densities used as the reducing parameters for the equations of state developed here are listed in Tables 1 and 2 . The dimensionless form of the ideal-gas Helmholtz energy equation can be represented by capacity, c 0 p . Since there are no experimental ideal-gas heatcapacity data available, the values were estimated by a group contribution method 33 and are fitted to the equation,
where R ¼ 8.314 472 J mol À1 K À1 is the molar gas constant, 34 and I Ideal is 4 for o-xylene, m-xylene, and p-xylene, and 3 for ethylbenzene. The coefficients and exponents of the ideal-gas heat capacity equations are given in Table 3 . A more convenient form of the ideal-gas Helmholtz energy, derived from the integration of Eq. (3) and the application of a reference state with zero enthalpy and entropy at the normal boiling point for the saturated liquid, is
where a 1 and a 2 are given in Table 4 . The real-fluid behavior is often described with empirical models, and any functional connection to theory is not entirely justified. The coefficients of the equation depend on the experimental data for the fluid and are constrained by various criteria. 35 In the development of an equation of state, the data are carefully evaluated, and the behavior of the equation is viewed graphically to ensure reasonable behavior in the absence of experimental data over the full surface of the fluid. The functional form for the residual Helmholtz energy is a r ðd;sÞ ¼
where the values of t i should be greater than zero, and d i and l i should be integers greater than zero. The coefficients and exponents of the residual part of the equations of state are given in Tables 5 and 6 . The ranges of validity are shown in Table 7 . As analyzed in Sec. 3, the equations of state developed here have reasonable extrapolation behavior; the equations can be used over a much broader range of conditions, with temperatures up to the limit of decomposition and pressures up to two times the values given in Table 7 .
In the following sections, the percent deviation between the experimental data and values calculated by the equation of state for any property, X, is defined as
With this definition, the average absolute deviation (AAD) and Bias are defined as
and
where N exp is the number of data points. In the figures discussed below, symbols shown at the top or bottom of the plot represent data with deviations greater than the minimum or maximum values on the y-axis.
Equation of state for o-xylene
Experimental data for o-xylene are summarized in Table 8 40 and Chirico et al. 22 are quite similar below the normal boiling temperature, and the data reported by Ambrose et al., 16 Mamedov et al., 19 and Ambrose 20 agree very well at higher temperatures. Because of the disagreement between the data of Chirico et al. 22 and Ambrose 20 near 450 K, it is not possible to fit the higher-temperature data to better than 0.2%. Below 300 K, the data are dissimilar, with no reliable values that can be used to fit the equation. Figure 3 gives comparisons of saturated liquid densities calculated with the equation of state to experimental data. The equation represents much of the data to within 0.1% below 500 K. There are many values between 290 K and 300 K, mostly from single sources. The majority of these are fit within 0.05%, and we fitted the equation to the mean of these data. This gave a slight offset to the data of Chirico et al. 22 but showed excellent agreement with the data of Hales and Townsend. 51 Above 500 K, the data of Francis 49 have higher uncertainties, as verified by other data sets at lower temperatures, and were not used in the fit of the equation. There is only one data set for saturated vapor density; and Et-Tahir et al. 62 The equation represents the data of Mamedov et al. 56 with an AAD of 0.041%. The data of Garg et al. 60 are the most recent high-pressure data; these data show agreement of about 0.05% with the equation, and slightly higher differences with respect to other data. The data reported by Mamedov et al. 56 and Akhundov 58 agree with each other very well in the region where they overlap. At higher temperatures (above 560 K), the only other data published are those by Akhundov, 58 hence it is hard to 
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estimate the uncertainty of the equation of state and experimental data. Figure 5 compares sound speeds calculated with the equation of state to experimental data; the equation represents these data generally within 0.5%. These data are available at atmospheric pressure only, and are very scattered, as shown in Fig. 5 . The data of Gonzalez-Olmos and Iglesias 71 show negative deviations, while most of the other data show positive deviations. Comparisons of second virial coefficients calculated with the equation of state to experimental data are presented in Fig. 6 ; these data were not used in fitting. Figure 7 , in which the y-intercept (zero density) represents the second virial coefficient at a given temperature, and where the third virial coefficient can be taken from the slope of each line at zero density, shows that the behavior of the and do not agree with the data of Garg et al. 60 The equation shows a þ0.1% systematic deviation to the data of Jain et al. 82 at lower temperatures. The uncertainty of the equation of state for o-xylene in vapor pressure is estimated to be 0.5% above 300 K. The uncertainty in saturated liquid density is 0.1% below 500 K, and increases to 0.5% at higher temperatures, due to a lack of experimental data. The uncertainties in density of the equation of state range from 0.1% in the compressed-liquid region to 1.0% in the critical and vapor regions. The uncertainty in sound speed is estimated to be 1.0%. The uncertainties in heat of vaporization, saturation heat capacity, and isobaric heat capacity are estimated to be 0.5%, 0.5%, and 1.0%, respectively. In the critical region, the uncertainties are higher for all properties.
Equation of state for m-xylene
Experimental data for m-xylene are summarized in Table 9 . Figure 10 compares vapor pressures calculated with the equation of state to experimental data. Vapor pressures for m-xylene are scattered; the equation represents the consistent vapor pressures generally within 0.1% above 300 K. The data reported by Ambrose, 20 Ambrose et al., 16 Chirico et al., 85 Forziati et al., 41 and Park and Gmehling 83 agree with each other. There are many data points at the normal boiling temperature, and the equation passes near the center of them. The data reported by Aucejo et al., 46 Woringer, 37 Rodrigues et al., 1 and Uno et al. 87 near the normal boiling temperature deviate substantially from this center, and appear to be unreliable. The data of Ambrose, 16, 20 Chirico et al., 85 and Forziati et al.
41
show very good agreement and formed the basis of the equation for vapor pressure. The Ambrose data are the only values above 450 K. These data scatter by as much as 0.5%, and the equation passes through the center. Below 320 K, the scatter in the data increases to about 1%, and these data were not used in the fit.
Comparisons of saturated liquid densities calculated with the equation of state to experimental data are shown in Fig. 11 . The equation of state represents most of these data generally to within 0.1%. Some of the experimental saturated-liquid data for m-xylene are quite scattered, especially above 350 K. However, at the normal boiling point, there are many points that show very consistent behavior; the equation represents these data within 0.03%. The equation agrees most with the data of Chirico et al. 85 above 350 K. This trend is similar to that for the other fluids, and gives better confidence in the fit at the higher temperatures. Figure 12 presents comparisons of single-phase densities calculated with the equation of state to experimental data; the equation represents the data of Chang and Lee, 92 Garg et al., 60 Grigor'ev et al., 91 be expected due to the good extrapolation behavior of the equation. There are only five data points above 473 K. Values for the second virial coefficients are very limited, and deviations are not given in a figure; however, the behavior of the second and third virial coefficients, as well as the shape of the equation of state, are reasonable, and a plot similar to Fig. 7 for o-xylene shows correct behavior. Comparisons of sound speeds calculated with the equation of state to experimental data are not presented in a figure, but the equation represents the saturated liquid sound-speed data, which are available only over a very limited temperature range, generally within 0.5%. Figure 13 compares saturation heat capacities calculated with the equation of state to experimental data; the equation represents the data generally within 1.0%. The data of Paramo et al. 95, 96 show an upward trend. The equation represents the data reported by Chirico et al. 85 within 0.15% 
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below 520 K, and there is a downward trend at higher temperatures (above 500 K). The data of Pitzer and Scott 39 and two of the Huffman et al. 80 data points are consistent with each other, but not with other data. These data were not used in the fit. Calculated isobaric heat capacities are compared in means that the isobaric heat-capacity data of Jain et al. 82 and Garg et al. 60 deviate from the Chirico et al. data on average by about 0.3%.
The uncertainty of the equation of state for m-xylene in vapor pressure is 0.2% above 300 K. The uncertainty in saturated liquid density is 0.1% between 230 K and 400 K, and increases to 0.2% at higher and lower temperatures, due to a lack of experimental data. The uncertainty in density is 0.2% in the compressed-liquid region, and 1.0% elsewhere, including the critical and vapor regions. The uncertainty in sound speed in the liquid phase is estimated to be 0.5%. The uncertainty in saturation and isobaric heat capacity is 0.5%. 40 Forziati et al., 41 Chianese and Marrelli, 102 and Diaz Peña et al. 43 agree with each other from 330 K to the normal boiling temperature. The equation represents these data to within 0.05%. The data reported by Mamedov et al., 19 Ambrose et al., 16 and Ambrose 20 agree with each other below 580 K, and show opposite deviations near the critical point (above 600 K). The data of Woringer 37 and Aucejo et al., 46 which deviate from most of the other data sets, appear to have higher uncertainties. Below 300 K, the scatter in the data increases rapidly, and there are no data points 49 and Akhundov 58 are less reliable; the Francis data are quite scattered and do not help with the assessment of the uncertainty in the equation, even though they extend to the critical point. There is some agreement among the data of Hales and Townsend and of Akhundov, and the equation represents most of these data to within 0.05%. Figure 17 compares densities calculated with the equation of state to experimental data. The equation represents densities generally within 0.2% in the liquid region, and 1.0% elsewhere, including the critical and vapor regions. The equation represents the data reported by Akhundov 58 generally within 0.1%, except those in the critical region. The data of Garg et al. 60 and Et-Tahir et al. 62 agree with the data of Akhundov, 58 although they cover a much smaller temperature range. The data reported by Yokoyama et al. 121 extend to high pressures; they deviate from the data of Garg et al. ; however, the behavior of the second and third virial coefficients, as well as the shape of the equation of state, are reasonable, and a plot similar to Fig. 7 shows correct behavior. Saturated liquid sound speeds calculated with the equation of state are compared to experimental data in Fig. 18 ; the equation represents the data within 1.0%. Many of the data are scattered within 0.3% of the equation. The data of Gonzalez-Olmos and Iglesias 71 show deviations of as much as À0.3%; these data cover the largest temperature range, from 288 K to 323 K. All the other data sets show positive deviations.
Equation of state for p-xylene
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The equation shows good comparisons (to within 0.1%) with the heat of vaporization data of Hossenlopp and Scott, 120 but the data of Natarajan and Viswanath 103 deviate by more than 1%. Because the enthalpies of vaporization and the slope of the vapor pressure curve are closely linked through the Clausius-Clapeyron equation, the uncertainties in the data of Hossenlopp and Scott should be much lower than those of the data of Natarajan and Viswanath. Figure 19 gives comparisons of saturation heat capacities calculated with the equation of state to experimental data; the equation represents the data generally within 1.0%. The data reported by Chirico et al. 22 and Messerly et al. 123 agree with each other very well, and the equation represents the data generally within 0.5%, except those approaching the critical point. The data of Huffman et al. 80 and Pitzer and Scott 39 show large scatter, with one set above the equation and the other below. The data of Corruccini and Ginnings 122 show a trend different from the data of Chirico et al. at high temperatures, and it is unclear which data set should be preferred in fitting. Figure 20 compares heat capacities calculated with the equation of state to experimental data; the equation represents these values generally within 0.7%, except for the data of Williams and Daniels, 81 which are not reliable. The uncertainty in vapor pressure of the equation of state for p-xylene is 0.2% above 300 K. The uncertainties in saturated liquid density are 0.02% between 290 K and 350 K, and 0.2% elsewhere, due to a lack of reliable experimental data. The uncertainties in density are 0.2% in the liquid region and 1.0% elsewhere, including the critical and vapor regions. The uncertainty in sound speed is 0.3% in the liquid region, and the uncertainty in heat capacity is 1.0%.
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Equation of state for ethylbenzene
Experimental data available for ethylbenzene are summarized in Table 11 Zhao and Kabadi, 136 and Willingham et al. 40 deviate from the data reported by Ambrose 20 and Ambrose et al. 16 by about 0.4%-0.6%. The data of Ambrose appear to be more consistent with other vapor-pressure measurements at lower temperatures, and fit better with other data types.
In Fig. 22 
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generally within 25 cm 3 mol À1 ; however, the behavior of the second and third virial coefficients as well as the shape of the equation of state are reasonable, and a plot similar to Fig. 7 for o-xylene shows correct behavior.
Saturated liquid sound speeds calculated with the equation of state are compared with experimental data in Fig. 24 . Korabel'nikov 150 measured liquid-phase values from 193 K to 633 K. Below 400 K, the equation agrees with these data to within 1%, and between 400 K and 560 K, the deviations increase up to 2%.
Saturation heat capacities calculated with the equation of state are compared in Fig. 25 ; the equation deviates from the data of Scott and Brickwedde, 125 Paramo et al., 95 and Chirico et al. 29 by up to 0.4%. The data of Blacet et al., 152 Huffman et al., 80 and Smith and Andrews 153 show substantially higher deviations. All of these data cover a very wide temperature range from 170 K to 550 K, which helped the fitting of the equation in the absence of other wide-ranging data. This is further substantiated by the isobaric heat-capacity data shown in Fig. 26 . The equation represents the data within 0.7% below 550 K (as shown by the deviations in the data of Guthrie et al., 155 Garg et al., 60 Andolenko and Grigor'ev, 158 Akhundov and Sultanov, 156 Hossenlopp and Scott, 120 and Mamedov et al. are less reliable. These isobaric heat-capacity data extend to 700 K, some of which are in the critical region.
The uncertainty of the equation of state for ethylbenzene in vapor pressure is 0.3%. The uncertainties in saturated liquid density are 0.1% below 350 K and 0.2% at higher temperatures. The uncertainties in density are 0.1% below 5 MPa, 0.2% at higher pressures in the liquid region, and 1.0% in the critical and vapor regions. The uncertainties in saturation and isobaric heat capacities and in the speed of sound are estimated to be 1.0%.
Extrapolation
The equations of state developed here have reasonable extrapolation behavior. Plots of constant property lines on various thermodynamic coordinates are useful in assessing how well the equations of state extrapolate. As the plots of these four fluids are all similar, not all are given here. The equations of state developed in this work were used to plot temperature versus isochoric heat capacity (Fig. 27 ), isobaric heat capacity (Fig. 28) , density (Fig. 29) , sound speed (Fig. 30 ), Gruneisen coefficient (Fig. 31) , and pressure versus density (Fig. 32) , as well as characteristic curves of the equation of state (Fig. 33) .
Figures 27 and 28 show that the heat capacity increases as temperature decreases in the liquid region at low temperatures; this is quite common among fluids and has been validated experimentally for many fluids. 5 Figure 29 shows that the rectilinear diameter is straight at higher temperatures, as it should be, clear up to the critical point. Figure 30 shows that the saturated sound speed line for the liquid remains straight down to about 10 K, a reduced temperature of 0.016, and Fig. 32 indicates that the extrapolation behavior of the density at high temperatures and pressures is correct. This smooth behavior comes from the term t i ¼1, corresponding to the largest d i of the polynomial terms (d i ¼ 5 for o-xylene, p-xylene, and ethylbenzene; d i ¼ 8 for m-xylene), as explained by Lemmon and Jacobsen. 159 The Gruneisen coefficient c, which cannot be measured directly, is given by
The Gruneisen coefficient is a combination of different properties, and the reasonable behavior of the Gruneisen coefficient, shown in Fig. 31 , indicates that other properties and the equation of state are more likely to be correct because of the sensitive nature of this property. 
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Plots of certain characteristic curves as shown in Fig. 33 are useful in assessing the behavior of an equation of state in regions far away from the available data. 5, 7, 35 The characteristic curves include the Boyle curve, the Joule-Thomson inversion curve, the Joule inversion curve, and the ideal curve. The Boyle curve is given by @Z @v
The Joule-Thomson inversion curve is given by
The Joule inversion curve is given by
The ideal curve is given by
Overall, these plots indicate that the behavior of the equations of state developed here is appropriate within the range of validity, and that the extrapolation behavior is reasonable outside these ranges. 
Conclusions
In this work, equations of state for the xylene isomers (o-xylene, m-xylene, and p-xylene) and ethylbenzene have been developed with the Helmholtz energy as the fundamental property, with independent variables of density and temperature. Overall, the uncertainties (k ¼ 2, indicating a level of confidence of 95%) of the equations of state are 0.5% in vapor pressure at temperatures a little below the normal boiling point to those near the critical point. (Each fluid has slightly different values based on the comparisons to the data.) The uncertainties increase at lower temperatures due to a lack of experimental data. The uncertainties in density range from 0.02% in several cases for the saturated liquid density, to 0.1% in the liquid region, and then to 1.0% elsewhere, including the critical and vapor regions. The uncertainties in the properties related to energy (such as heat capacity and sound speed) are generally 1.0%. In the critical region, the uncertainties are higher for all properties. More detailed values are given in each section for the four fluids. As analyzed in the paper, the equations of state represent the experimental data accurately, and short functional forms have been used to achieve good behavior within the region of validity as well as at higher and lower temperatures and at higher pressures and densities.
There is a need for further measurement of the thermodynamic properties of xylene isomers and ethylbenzene, especially vapor pressure, saturated liquid density away from the normal boiling point, and caloric properties, including sound speed and heat capacity, in order to develop more accurate formulations for use in engineering system design and analysis.
